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For main-stem streams, which traverse regional divides and which may be affected by regulation, graphs are presented showing floods for selected recurrence intervals plotted against contributing drainage area. Flow-frequency estimates for intervening sites along the Minnesota River, Mississippi River, and the Red River of the North can be derived from these graphs.
INTRODUCTION
A reliable estimate of the magnitude and frequency of floods is essential to the efficient design of bridges, culverts, dams, and other hydraulic structures. In more recent years, the need for flow-frequency estimates has greatly expanded through implementation of the State Flood Plain Management program and the Federal Flood Insurance Act.
Purpose and Scope
The purpose of this report is to provide engineers and designers with improved techniques for estimating flow-frequency relations for most streams in Minnesota. Regression equations are presented for estimating the magnitude of floods having recurrence intervals ranging from 2 to 100 years at ungaged sites on streams which are not -significantly affected by man-made regulation, diversion, or urbanization. The .equations apply to natural flow streams of all sizes with the exception of the main stems of the Minnesota River, Mississippi River and Red River of the North. Input to the equations requires only the measurement of selected basin characteristics which can be obtained from topographic maps of the basin under consideration.
Individual graphs are presented for the main-stem streams noted above from which selected frequency floods can be determined at ungaged sites on the basis of contributing drainage area. The effects of regulation were included in these analyses where applicable and no further adjustment is required if the degree of regulation remains unchanged.
Flood-frequency data for 201 gaged sites on natural flow streams are tabulated for use in defining flood-frequency characteristics at upstream or downstream locations. These data may be transferred by drainage area ratio and can provide an alternative to computation of flood frequency by regression equation.
Recurrence interval is the average interval of time, in years, within which the given flood magnitude can be expected to be exceeded once. It is the inverse of probability; thus a flood having an exceedance probability of 5-percent would have a 20-year recurrence interval, and a flood having an exceedance probability of 1-percent would have a 100-year recurrence interval.
Flow-frequency estimating methods for Minnesota presented in this report supersede those in earlier publications of the U.S. Geological Survey and the Minnesota Department of Conservation.
Previous Reports
Previous reports by Prior (1949) , Prior and Hess (1961) , Wiitala (1965) , and Patterson and Gamble (1968) , also provided flood-frequency estimating techniques-. Considerable flood data have become available since these analyses were prepared by the accumulation of additional years of record for established gaging stations, and by expansion of the gaging network through installation of crest-stage stations on small watersheds. The latter program made possible the definition of flood characteristics over a larger range in drainage area size. The additional data base and improved analytical methods warrant greater confidence in the estimates derived from the techniques provided in this report than the estimates based on previous studies.
Gaging Station Numbering System
Each gaging station has been assigned a unique number in downstream order in accordance with the permanent numbering system adopted by the U.S. Geological Survey. Stations are numbered in a downstream direction along the main stream, and stations on tributaries between main-stream stations are numbered in the order they enter the main stream. Stations on other ranks of tributaries are treated in the same manner. The complete 8-digit station number, such as 05134200, includes the major basin part number "05" and a 6-digit station number.
Cooperation
The frequency analyses in this report were based on data collected and published by the U.S. Geological Survey as part of cooperative programs with various State and Federal agencies. The report was prepared as part of cooperative programs with the Minnesota Department of Transportation, Division of Highways and the Minnesota Department of Natural Resources, Division of Waters. Opinions, findings, and conclusions expressed in this publication are those of the U.S. Geological Survey and not necessarily those of any cooperating agency.
Use of Metric Units
The analyses and data compilations in this report are based on English units of measurement. Equivalent metric units (SI) are given in the text. Space limitations precluded the use of a dual system of units in the tables and only English units are shown. Metric units can be obtained by use of the conversion factors in table 1. 
ESTIMATING FLOOD FREQUENCY
It is generally accepted that the most reliable estimates of flood characteristics are those based on a frequency analysis of recorded floods at the site under consideration. Usually such records are not available and estimates must be obtained by transfer of flow-frequency data from gaged sites to the site being investigated, or must be computed from generalized floodfrequency relations.
Transfer of Defined Flood Characteristics
The flood characteristics defined by frequency analyses of gaging-station records listed in table 2 may provide the basis for satisfactory estimates at ungaged locations near the station, particularly where long-term records are available. Location of gaging stations for which frequency relations are presented are shown in figure 1. Where the period of record is short, flow-frequency estimates based on regional relations would likely provide more reliable results. Transfer of defined flow-frequency data to upstream or downstream sites on the same stream should be accomplished by an adjustment factor derived from drainage area ratio. Frequency data can be transferred Local conditions may warrant a slight increase or decrease of the 0.6 exponent, which must be based on engineering judgment.
Use of the transfer relation should be limited to sites which differ in drainage area size by no more than 40 percent from the gaged site.
Regional Analyses for Ungaged Sites
Equations derived from multiple regression analyses can be used to obtain flood-frequency estimates for ungaged sites on natural flow streams. Peak discharges for the selected recurrence intervals can be computed from these mathematical equations tabulated in table 3, which relate flood magnitude to basin characteristics. A set of equations to estimate flood peaks for the 2-, 5-, 10-, 25-, 50-, and 100-year recurrence intervals (identified as Q 2 , Qs , Qio> etc.) are provided for each of the hydrologic regions into which the State has been divided. The eight regions are outlined on figure 1. The regional boundaries cannot be defined precisely; therefore, where the estimating site falls close to a regional divide, consideration should be given to averaging the results obtained by computation of the flood magnitudes from the equations for the two adjoining regions. Particular care should be exercised when the site in question has a large value for a basin characteristic that is not used in the regression relation for both regions. If a flood-frequency estimate is to be made downstream from a regional divide which the stream crosses, the discharge at the site should be determined by weighting the regression estimates computed from both regional relations according to drainage area.
Due regard should be given to the limitations of these equations as discussed in a following section (Accuracy and Limitations) . Values for the basin characteristics used in the regression analyses were determined by the methods outlined below. Required independent variables used for estimated flood characteristics at ungaged sites should be determined in a like manner.
1. Drainage area.-Trace contributing drainage-area outline on topographic maps along divides indicated by contour elevations, starting at point on stream where frequency characteristics are to be defined. U.S. Geological Survey topographic maps, 7^-minute or 15-minute quadrangles, should be used for basins smaller than 150 square miles. For larger basins, the 1:250,000 scale topographic maps may be used. Planimeter the outlined area to obtain drainage area (A) in square miles.
2. Main channel slope.-Determine the main channel of the stream on the drainage area map, from the point selected for the frequency estimate, to the extreme rim of the basin. Extension of the main channel to the basin divide, beyond the upstream end of the defined stream., should be made as indicated by contours. Upstream from each stream junction, choose the main channel as the fork which drains the larger area. Measure the total length by dividers set at appropriate intervals, such as 0.1 mile for 7%-minute quadrangles, 0.25 mile for 15-minute quadrangles, and 0.5 mile for the 1:250,000 scale maps. Locate points 10 and 85 percent of the main channel length upstream from the point of interest, and determine the elevation of these points by interpolation between contours. The average main channel slope (S) is computed as the difference in elevation, in feet, divided by the length, in miles, between the 10 and 85 percent points. 3. Storage.-Measure the area of lakes, ponds and swamps in the drainage basin on topographic maps. Storage areas can be measured by planimeter or by using a transparent grid. The grid is placed over the water and swamp areas and the number of squares, and estimated fractional parts of squares, are summed up and multiplied by the area of each square, as calculated for the scale of the map being used. The total area of lakes, ponds and swamps is expressed as a percentage of the total contributing area. This percentage is then increased by 1 percent to obtain the storage parameter (St) used in the equations.
A transparent grid suitable to most map scales is enclosed in a packet at the back of this report.
Illustrative Examples
The following examples illustrate use of the relations to compute flow frequency estimates. 2) Contributing drainage area at Cold Spring is planimetered on topographic maps as 832 mi .
3) Reduction in drainage area at Cold Spring is only 10 percent from the 925 mi 2 listed in table 2 for the St. Cloud gaging station. Therefore, a transfer of flood characteristics by drainage area ratio is appropriate. Example 2.-Estimate the 25-year peak discharge for an ungaged site on Spring Creek in Swift County, at the crossing of State Highway 9, 3^ miles west of Sunburg.
1) Inspection of figure 1 and table 2 indicate that no gaging-station data are available on this stream, therefore, flow-frequency estimates must be derived from regional equations.
2) Site is identified from figure 1 as being in Region D. Applicable equation for 25-year flood is located in table 3.
3) Drainage area is outlined on topographic map, De Graff SE 7-i-minute quadrangle.
4) Drainage area (A) is planimetered as 1.28 mi 2 , and main channel length is measured as 1.49 mi to the watershed divide.
5) The main channel slope is computed by dividing the difference in elevations at mile 0.15 (0.10 x 1.49) and mile 1.27 (0.85 x 1.49) by 1.12 (1.27 -0.15), the distance between the two points.
Elevation at mile 1.27 is 1235 ft Elevation at mile 0.15 is 1212 ft Main channel slope (S) = (1235 -1212)/1.12 = 20.5 ft/mi 6) Total lake, pond and swamp area is determined from the map by the grid system described in the discussion on storage preceding example 1. Fifteen of the small grid squares are counted as storage area. Plotting points to define a frequency curve for the site can be obtained by solution of equations for other recurrence intervals.
Main-stem Streams
Estimating relations given previously do not apply to the main stem of the Minnesota River, Mississippi River and Red River of the North. The effects of regulation, interregional character of the streams and (or) the large drainage areas involved, require unique definition of the flood characteristics for these streams. Individual relations between flood magnitude and contributing drainage area were prepared based on interpolation between gage sites on the main stems. Floodfrequencies indicated for regulated reaches of the main-stem streams are based on the assumption that past records represent homogeneous regulation patterns and are applicable only if such regulation patterns remain unchanged in the future. Graphs showing flood estimates for selected recurrence intervals versus contributing drainage area for the Minnesota River, Mississippi River, and Red River of the North are presented in figures 2-4, respectively. When using the frequency graph for the Red River, it should be recognized that plotting positions of drainage areas from Halstad to Emerson have been corrected by subtracting 3,800 mi 2 (9842 km 2 ) for closed basins in the Sheyenne River basin in North Dakota.
Definition of flood characteristics for the main stem of the St. Croix River from St. Croix Falls to Prescott, Wisconsin is very complex owing to regulation of flows and the backwater effect from the Mississippi River, which affects elevationfrequency relations through a large part of this reach. Such analyses are outside the scope of this report. Frequency data for this section of the St. Croix River can be obtained from the report "St. Croix River Regional Flood Analysis" (Wiitala, 1973) . 
Accuracy and Limitations
In general, estimates of future flood occurrences over a long time period become more reliable with greater length of record (Hardison, 1969) . The standard error of estimate decreases with increasing years of available record, but at a decreasing rate. At or near gage sites (excluding main-stem streams), flood characteristics may be based on analysis of actual records collected at the site (from table 2), or may be computed from regional estimating relations. As noted previously, regional estimating relations will probably provide/more reliable results than the use of on-site gaging-station data if the period of record is short. It is recommended that use of tabulated gaging-station data for estimating flood characteristics at on-site, or by transfer to nearby locations, be restricted to those frequency relations based on more than 20 years of record.
The reliability of a regression equation may be judged by the standard error of estimate, which is a measure of the distribution of the observed data about the regression equation. The standard error, given in percent, is the range of error to be expected two-thirds of the time. That is, the difference between the computed and the observed discharge for two-thirds of the frequency estimates will be within plus or minus one standard error of estimate. Because the variables used in these analyses were expressed in logarithmic form, standard errors are larger in the positive direction. A graphical interpretation of the standard error for the 10-year frequency relation in Region G is shown in figure 5 . Table 4 lists the average standard errors of estimate for the defined relations in each region, except for Region F. Relations for that region were adapted from regression equations developed by Becker (1974) for the adjacent area in South Dakota.
Flood-frequency relations expressed in this report may be used to estimate magnitude and frequency of floods on most Minnesota streams. Applicability and reliability of these relationships is dependent on the basin characteristics at the site under consideration being within the range of characteristics used to define the frequency relations. The range in sampled basin parameters is large enough to allow use of the frequency relations at virtually all sites where streamflow is not significantly affected by regulation, diversion, or urbanization. Exceptions will occur in those instances where the site, for which estimates are required, falls immediately below a lake or ponding area where large storage capacity, in relation to total drainage area size, could seriously alter the outflow flood characteristics. In such cases, the frequency relations may be used as an aid in developing an inflow hydrograph for use in routing through the storage area. Flood-frequency data used in the regression analysis were derived from records of 10 or more years length collected at 219 gaging stations located on natural flow streams. Stations operated by the Minnesota district consisted of 78 sites classified as continuous-record stations and 123 as partial-record stations. Records for 18 sites in adjoining states were also included. Annual peak data through the 1974 water year were considered for the Minnesota partial-record stations, through the 1972 water year for stations in adjoining states, and through the 1970 water year for Minnesota continuous-record stations. Frequency data for many of the continuous-record stations are the result of interagency coordination of 100-year flood estimates required for numerous studies conducted in Minnesota. Where such coordination occurred, frequency curves developed by individual participating agencies were adjusted to provide a uniform peak discharge at the 100-year recurrence interval.
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Flow-frequency Analysis at Gaging Stations
A flood-frequency curve for each gaging station was prepared by fitting a log-Pearson Type III frequency distribution to observed annual peaks, using regionalized coefficients of skewness. The log-Pearson Type III method is documented in U. S. Water Resources Council Bulletin No. 15 (1967) .
Analysis of frequency characteristics, in connection with interagency coordination activities, had indicated a developing pattern to the variation of computed skew coefficients. LogPearson computations based on records starting in the early 1930 f s generally had large negative skew values while computations based on longer term records produced skew coefficients more nearly approaching zero. Large negative coefficients of skewness were also prevalent at sites where streamflow was significantly affected by natural storage. Skew coefficients generated from records which commenced in the early 1930's, a sustained period of severe widespread drouth in Minnesota, apparently are affected to a varying degree by one or more low outliers. With extension of the record, low outliers are no longer evident.
Adoption of generalized coefficients of skewness applicable to a region was found to significantly improve the fit of the computed frequency curves as the effect of outliers (both high and low) is greatly diminished. Based on analysis of long-term records, adjusted plotting position of outstanding floods recorded at short-term record sites, and extension of some records by correlation, generalized skew coefficients ranging from zero to -0.2 were selected for the log-Pearson analysis of Minnesota gaging-station records.
A later publication by the Water Resources Council, Bulletin 17 (1976) , recommends virtually the same procedures for log-Pearson Type III frequency analyses of gaging station records as were used in this report. Differences as they would apply to Minnesota streams are mostly in the regionalized skewness coefficient and in the treatment of historical peaks. Recommendations for generalized (regional) coefficients of skewness in Bulletin 17 range from -0.1 to -0.4 in Minnesota, which differ only slightly from the assigned skew coefficients used in this study. Historical peak adjustments would have only a minor effect on the regression analysis as historical peak data is available at only about 6-percent of the sites analyzed for this report.
Frequency analyses for each gaging station were developed by computer using standard U.S. Geological Survey programs. A computer printed plot of the frequency curve was obtained to visually compare the fit of the computed frequency curve to the observed annual peaks. Modification of the initial frequency curve, by graphical interpretation or use of a different coefficient of skewness, was made in a few instances as dictated by the available data. A sample frequency curve is shown in figure 6 . From the frequency analyses, peak discharges for recurrence intervals of 2, 5, 10, 25, 50 and 100 years, listed as Qa, Qs, Qio, etc. in table 2, were selected for the regression analysis.
It should be noted that changing analytical methods, interagency coordination activities, and increasing length of record will undoubtedly result in variations from the frequency estimates listed in table 2.
Multiple-regression Model
Relations between peak discharge (dependent variable) and a set of basin characteristics (independent variables) were developed by multiple-regression techniques. Past experience has shown that peak discharges are linearly related to most basin characteristics if the log transformations of the variables QT is the peak discharge for T-year recurrence interval a is a constant x, y, and z are regression coefficients A, B, and C are basin characteristics
The step-forward method of multiple-regression analysis was used wherein the regression equation is generated by adding the independent variables in the order of greatest significance to the estimating relation. The variable added for each step is the one which makes the greatest reduction in the standard error of estimate. Only those independent variables statistically significant at greater than the 95 percent confidence level are included in the equations. The analysis defines the regression constant and coefficients, standard error of estimate, and other statistical data for each frequency relation.
In a few instances, independent variables were added or deleted from the equations in order to standardize, on a regional basis, the variables to be considered at the various recurrence intervals. Original equations, in such cases, resulted in frequency curves that were irregularly shaped. Continuity of the frequency curves was vastly improved by addition or deletion of such variables with little effect on the standard error of estimate.
Hydrologic regions shown on figure 1 were defined by plotting residual values on a map. The residual errors from the regression analysis are the differences between observed and computed flood magnitudes and can be expressed in terms of ratios. The plot of residual ratios illustrated the geographical bias inherent in statewide frequency relations. The 8 regions were delineated by removal of successive areas from the regression, based on groupings of the residual values. As each area was removed, new regression relations were computed utilizing the remaining input data, and the residuals again plotted to define the remaining areal bias.
Inter-regional comparisons of the regression equations were made by computing flood magnitudes, at selected recurrence intervals, using constant basin characteristics for each regional relation. These tests showed considerable variability in computed flood characteristics across the State for a fixed set of independent variables.
Regional boundaries outlined on figure 1 generally follow basin divides. The following exceptions based on topographic or geologic features are: 1) in the southwestern part of the State, where the regional boundary follows the break in slope along the Coteau des Prairie and crosses the upper end of the Redwood, Yellow Medicine and Lac qui Parle River basins; and 2) in the northwestern part, where the regional boundary follows an upper beach ridge of glacial Lake Agassiz and crosses the upper end of the Wild Rice, Marsh, Sand Hill, and Clearwater River basins.
Basin Characteristics Investigated
A precondition established for this report was that the number of basin characteristics used in the regression be limited in number, and be readily determined from available maps, to eliminate the necessity for on-site measurements. Independent variables investigated in addition to area, slope and storage, were forest cover and soil type. Forest cover index was used as the percentage of the drainage area covered by forests increased by 1 percent. The soil index was determined by averaging residuals from an initial regression according to different soil types. The soil index was tested separately on a multiple regression analysis of small basins where soil homogeneity was more probable. Neither basin characteristic improved the estimating relations.
SUMMARY
Basin characteristics and peak flows for 2-, 5-, 10-, 25-, 50-, and 100-year recurrence intervals were tabulated for 201 gaging stations ranging in size from 0.05 to 5,280 mi 2 . The data from these 201 stations were grouped according to eight distinct hydrologic regions and equations were developed for each region by relating peak flows to basin characteristics. The resulting equations provider method for estimating floodfrequency relations for ungaged sites on all natural streams. In addition, graphs are presented for determining floods of selected recurrence intervals for large streams which may be significantly affected by regulation.
The equations developed by multiple regression for estimating peak flows at ungaged sites determined that drainage area, slope, and storage are significant basin parameters for estimating 2-, 5-, 10-, 25-, 50-, and 100-year floods. Drainage area, slope, and storage were significant in 4 of the 8 regions, drainage area and slope in 2, and only drainage area in the remaining 2 regions. Accuracy of estimates obtained by using the equations are discussed and the standard error of estimate is given for each equation. Standard errors ranged from 28 to 61 percent.
Analytical techniques are discussed for determining flow frequency at gaging stations and for making estimates at ungaged sites. The regional regression equations provide more reliable results than frequency relations defined for gaging stations if the period of record is short. For sites at or near gaging stations having 20 or more years of record, the tabulated station data are considered more accurate than estimates from the regression equations.
